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The technical feasibility of integrating bioconversion (using a lipase from Mucor miehei immobii 
by ion exchange onto a macroporous resin) and product recovery (via mass transfer towards liquid/vapor 
equilibrium) was experimentally veritied for the production of ethyl acetate from acetic acid and ethanol at 30 
and 40 “C. The configuration selected consisted of a packed bed thermostatted reactor inserted between the 
condenser and the liquid reflux to a distillation cohunn. The concentrations of the aforementioned compommts 
and water were measured periodically for a 9 to 10-h period. The extents of conversion of acetic acid ranged 
from 1 to 32% at 3O”C, and from 13 to 25% at 40°C. and they were maximum at initial molar fractions of acid 
of ca. 0.3 and 0.4, respectively. The ratio of the reaction product to the equilibrium reaction product maeased 
from 2 to 32 at 30°C and from 5 to 27 at 40°C when the initial molar fraction of acid in the feed increased 
from 0.2 to 0.7. 
Introduction 
Most short chain esters are still produced on the industrial level via acid- or base-catalyzed 
condensation of the corresponding alcohol and carboxylic acid in the presence of transition metals at high 
temperatures and pressures. However, in addition to the lack of selectivity of the catalyst (which leads to the 
eccurrence of side reactions which yield by-products responsible for off-flavors and off-colors), such exbeme 
conditions often lead to thermal degradation of the products and accelerated corrosion of the reactor material. 
Lipases are enzymes which, similarly to esterases, am able to catalyze the hydrolysis of ester bonds (albeit 
with full catalytic activity only at interfaces), as well as its reverse reaction (ester synthesis) at much milder 
processing conditions, and are thus much more economical in terms of energy requirements. Several examples 
of ester synthesis reactions involving short-chain carboxylic acids and alcohols catalyzed by immobilized 
lipases are available in the literature (Norin et al., 1988; Chulalaksananukul et oL, 1990; Khurana and Ho, 
1990; Knez et al., 1990; Langmnd et al., 1990, Welsh et al., 1990, Marj6n et al., 1991; Dias el al., 1991). 
The purpose of this study was to carry out the synthesis of ethyl acetate from ethanol and acetic acid 
using a commercially available lipase from Mucor miehei adsorbed by ion exchange onto a macroporous resin 
(LipozymeTM). To integrate the processes of reaction and separation, the liquid outlet stream from the 
condenser was fed to the reactor, and the outlet stream from the reactor played the role of the liquid reflux to 
the distillation column. In this way, thermal degradation of the enzyme was kept to a minimum (due to the 
relatively low operating temperatures at this location and the fractional removal of water from the reaction 
medium by distillation), the enzyme concentration was large at all times (due to confinement by 
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immobiiati~n in the packed bed reactor). and the rates of reaction were maintained high (due to the reduction 
of the competitive inhibition by the acid, which was also fractionally removed from the reaction system by 
distillation). In order to obtain the maximum efficiency for the configuration under scrutiny, the distillation 
column was operated under total reflux conditions. 
Materials and methods 
The experimental set-up, consisting of a batch still, a distillation column, and a packed bed reactor, is 
depicted in Figure 1. 
Figure 1: 




Experimental set-up utilized for the performance of the integrated processes of reaction and 
separation. 1: distillation column; 2: total condenser; 3: jacketed packed bed reactor; 4: gear pump; 
5: batch still. 
The still consists of a three-necked 1-L vessel with a thermometer inserted in one of the side necks. The 
initial mixture was inserted into the still through other of the necks, which was also used to withdraw samples 
during operation. The third neck was utilized for the connection to the distillation column. The still was heated 
using an electric heater. The distillation column is a Vigreaux glass column with 8 sets of inner indentations 
(four horizontal and four pointing upward at a 45” angle), with a total length of 41 cm and an internal diameter 
of 3 cm. In order to keep heat losses to a minimum, the column was externally insulated with a thin layer of 
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glass fibxz covered with a second thin layer of polyurethane. A shell-and-tube total -wasfittedtothe 
top of the distillation column; water from an outside thermostatted bath kept at 18°C was continuously 
available for cooling. ‘lbe liquid reflux from this device was conducted to the reactor. which consists of a 
vertically positioned jacketed column containing, for each run, ca. 4 g of fresh immobilized lipase 
(LipozymeTM, from NOVO Nordisk). The packed bed reactor, with a working length of ca. 12 cm and an 
internal diameter of 1 cm, was kept at a constant temperature of either 30 or 40°C using an outside 
thermostated bath. After passing through the packed bed of enzyme, the liquid was recycled to the top of the 
distillation column using a gear pump. Special care was exercised in controlling the heating power of the 
mantle and the rotation speed of the pump in order to keep both the vapor&&n flow rate and the level of 
liquid at the top of the packed bed at constant values during all experiments. All tubes, commctions, and 
fittings were made of glass or Teflon. Reagent grade acetic acid and ethanol were used as feedstocks. As soon 
as the first drop of condensate formed at the outlet of the total condenser, both the clock and the gear pump 
were started and a first sample was taken from the still. Afterwards, sampling was done periodically at 
approximately every hour for a 9 to 10-h period. Samples were kept in sealed glass vials at 4°C before 
analysis. The contents of acetic acid, ethanol, and ethyl acetate were determined by HPLC using an 
autosampler; separation was achieved with an Aminex I” Ion exclusion colmnn (BIORAD), using 0.0005 M 
sulphuric acid as eluant at 0.5 mL/xnin; and detection was made by measurement of the refractive index. The 
content of water was determined by Karl-Fisher titration. 
Results and discussion 
The evolution of the molar concentrations of the alcohol, acid, ester, and water with time for various 
initial concentrations and temperatures are depicted in Figures 2 and 3. The molar fractions of these 
compounds after 9 h of reaction arc listed in Table 1. The performance of a classical contiguration etnpioying 
a single reactor continuously fed from the batch still under total recycle conditions at both 30 and 40°C 
yielded molar concentrations for the ethyl ester which were negligible in view of the experimental and 
analytical variability; hence, the experimental data thus obtained were not overlaid in Figures 2 and 3 for the 
sake of clearliness. The order of magnitude of the conversions obtained with such classical configuration were 
in agreement with the mass balances based on the equilibrium constants for both temperatures (see Table l), 
which were estimated from the standard Gibbs energies of formation at 298 K for ethanol, acetic acid, water 
and ethyl acetate (Smith and van Ness, 1987), their isobaric heat capacities (Perry et al., 1984). and van’t 
Hoffs law (Smith and van Ness, 1987). (In this calculation, the Poyinting correction on the liquid fugacities 
was neglected as usual; rough calculations from liquid/vapor data available in the litemture have indicated that 
me product of de activity coefficients of the products divided by the product of the activity coefftcients of the 
reactants does not depart very much from unity irrespective of the concentrations utilized in the range of 
interest; for these facts, the equilibrium constants degenerate onto products of the molar fractions of every 
component raised to their algebraic stoichiometric coefficients, and so all reasonings pertaining to the 
theoretical and actual reaction extents are hereafter based on the molar fractions instead of the activities). 
Careful inspection of Figures 2 and 3 indicates that, although the decrease in the concentrations of 
either acetic acid or ethanol and the increase in the molar concentration of ethyl ester are approximately equal 
to one another within experimental error, the concentration of water is clearly and consistently above the 
value predicted by the stoichiometry of the reaction. Therefore, atmospheric water vapor must have been 
gradually dissolved in the reacting system. Due to this nonreactional source of water, the analyses pertaining 
to the extent of reaction with respect to equilibrium should to advantage be based on the hypothetical molar 
fractions if all water was originated as a reaction product, as depicted in Table 1. In this table are also listed 
values for the conversion of acid and the ratio of the reaction products under the aforementioned conditions 
and equilibrium conditions. 
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Figure 2: Variation of the concentrations of acetic acid (+ ), ethanol (A ), ethyl acetate (O), and water $3) 
with time of reactjon at 30°C For initial mole fractions of acid equal to 0.2 (a), 0.3 (b), 0.4 (c}, 0.5 
(d), 0.6 (e), and 0.7 (0. 
Inspection of Table 1 indicates that (i) the extents of the corrected conversion of acetic acid range from 
0.01 to 0.32 at 30% and from 0.13 to 0.25 at WC, and (ii) they arc maximum at IX. 0.3 and 0.7, respectively, 
initial mole fractions of acetic acid. Furthermore, the ratio of the corrected reaction product to the equilibrium 
reaction product increases monotonically from 2 to 32 at 3O”C, and from 5 to 27 a& 40°C when the initial 
molar fraction of acid in the feed increases from 0.2 to 0.7. The former observation probably arises from a 
compromise between the theoretical fact that conversions are thermodynamically maximal when the reactants 
are initially at stoichiometric ratios. and the experimental fact that conversions irrcrease with increasing molar 
inventories of acid in the feed. The latter observation is likely due to the fact that acetic acid (one of the 
reactants) is the least volatile component in the reaction system studied; hence, it tends to concentrate in the 
lower portion of the distillation column and is thus prevented to reach the reactor located at the top of the 
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Figure 3: Variation of the concentrations of acetic acid (+ ), ethanol (A ), ethyl acetate (0). and water co) 
with time of reaction at 40°C for initial mole fractions of acid equal to 0.2 (a), 0.3 (b), 0.4 (c), 0.5 
(d), 0.6 (e), and 0.7 (f). 
Performance of the experimental set-up utilized does not require preliminary activation of the 
immobilized lipase with catalytic water for full ester synthesis activity. In addition, the performance of the 
combination of the reactor with the distillation column is much better than that of a single reactor operating at 
30 or 40°C (see Table 1) because the equilibrium constraints of the latter are largely overcome by the former. 
(Since water is dissolved in a gradual fashion as reaction time elapses, the true reaction enhancement should 
actually be given as the integral average of the corrected reaction product at every time; this integral average 
is comprised between the values of X listed in the first row and in the second row (*) for every set of 
experimental conditions in Table 1; therefore, the range discussed above for the corrected reaction products 
lies on the conservative side). Although this communication describes a novel process combination 
encompassing enzymes, striking examples of integration of distillation and reaction involving reactions with 
ethanol as either a reactant or a product have found commercial interest in the past; the former situation 
pertains to the production of ethyl acetate from ethanol and acetic acid using SuIfuric acid as a homogeneous 
catalyst as described by the U. S. patents 1,454,462 and 1,454,463, whereas the latter situation encompasses 
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the Alfa-Laval Biostill’ld industrial process for the production of ethanol via fermentation brought about by 
yeasts. 
Table 1: Initial molar fractions of reactants (XA,o: acetic acid, and XB,o: ethanol), molar fiWiOnS of reactants 
and pruducts calculated from the experimental data obtained 9 h after startup (XA: acetic acid XE: 
ethanol, xp: ethyl acetate, and xW: water) and molar fractions of reactants and products obtained 
after 9 h of reaction corrected under the assumption that xw should he equal to xp (*). actual reaction 
product (~=XP.XW/XA.XE) and corrected reaction product (*), equilibrium reaction product (&), 
conversion of acetic acid (YA=(xA,o-XA)/XA,$, and ratio of the reaction products (xIxes) for the 
two temperatures experimented (T in “C). 
T XA.0 XEQ XA m xP xw x Xes yA x0c.q 























0.156* 0.740* 0.052* 0.052* 
0.190 0.570 0.086 0.154 
0.204* 0.612* 0.092+ 0.092* 
0.278 0.386 0.110 0.226 
0.314* 0.438* 0.124* 0.124* 
0.348 0.249 0.132 0.271 
0.405* 0.289* 0.153* 0.153; 
0.468 0.121 0.136 0.275 
0.543* 0.141* 0.158* 0.158* 
0.582 0.044 0.108 0.266 
0.691* 0.053* 0.128* 0.128* 
0.164 0.610 0.084 0.142 
0.174* 0.648’ 0.089* 0.089* 
0.221 0.480 0.123 0.176 
0.233* 0.507* 0.130* 0.130* 
0.278 0.400 0.120 0.202 
0.302* 0.435* 0.131* 0.131* 
0.343 0.290 0.134 0.233 
0.380* 0.322* 0.149* 0.149* 
0.432 0.185 0.142 0.241 
0.479* 0.205* 0.158’ 0.158* 
































































0.562* 0.114* 0.162* 0.162* o-410* 0.20* 27.3* 
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